Mouse mammary epithelial cells (NMuMG line) were heat shocked at 42 C for up to 2 h, with continuous culture at 37 C used as controls. EGF mRNA expression, determined by Northern blot hybridization, was increased 4-to 5-fold in heat-shocked cells compared with controls. Heat shock also induced accumulation of EGF immunoreactive protein in both media and cell lysates of NMuMG cells. Oligonucleotides antisense to the EGF mRNA blocked the accumulation of EGF protein, while sense controls were without effect. Antisense oligonucleotide concentrations that inhibited EGF production by NMuMG cells during heat shock dramatically reduced the ability of cells to survive heat shock, while sense oligonucleotide did not affect cell survival. The antisense oligonucleotide inhibition of cell survival was reversed by adding EGF during the heat shock period. Thus the production of EGF or EGF-like peptides during periods of cellular stress may be an important survival mechanism in mammary epithelium.
Introduction
Epidermal growth factor (EGF) is a 53-amino acid peptide produced in a variety of tissues (Mrocowski & Ball 1990) . The mammary gland produces EGF (Brown et al. 1989) under the control of lactogenic hormones (Fenton & Sheffield 1991) . We have recently shown that EGF mRNA expression is increased in bovine mammary tissue during experimentally induced mastitis (Sheffield 1997) . Although the significance of EGF expression during mastitis is unclear, the possibility that stress-induced increases in EGF expression are important in cellular protection or repair processes appears reasonable. Various cellular stressors, including wounding, oxidative stress, thermal stress, and mechanical stress, increase expression of a variety of growth factors, including members of the EGF family (Bourque et al. 1993 , Peter et al. 1993 , Vivedananda et al. 1994 . Although heat shock has not been shown to induce EGF expression, production of other growth factors in response to heat shock has been reported (Erdos et al. 1995 , Eyssen-Hernandez et al. 1996 . Growth factor expression may play a role in repair and recovery from stress, and growth factor treatment has been shown to be beneficial to wound healing and to cell survival during exposure to various stresses (Konturek et al. 1991 , Schultz et al. 1991 , Maiese et al. 1993 , Mattson & Cheng 1993 , Wollman et al. 1994 . Peptide growth factors have been proposed as survival factors for several tissues, including fibroblasts, neuronal cells and granulosa cells (Tamm & Kikuchi 1990 , Casper et al. 1991 , Rawson et al. 1991 , Tilly et al. 1992 . Similarly, EGF appears to be a survival factor for mammary epithelium, at least under some conditions (Merlo et al. 1995) .
The NMuMG mammary epithelial cell line used in the present study is known to produce EGF and to respond to EGF (Vanderboom & Sheffield 1993 , Fenton & Sheffield 1994 . The objective of the present study was to determine the effect of cellular stress on production of EGF by mammary epithelial cells and to determine if that expression is causally related to cell survival.
Materials and Methods

Cells
Normal mouse mammary epithelial cells (NMuMG) (Owens et al. 1974 ) (American Type Culture Collection, Rockville, MD, USA) were grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum (Sigma Chemical Co., St Louis, MO, USA) at 37 C in an atmosphere of 5% CO 2 /95% air. Routine growth was in T75 or T150 flasks (Corning Inc., Corning, NY, USA). Cells were passaged using trypsin/EDTA and a 1:5 split when 75-80% confluent. Cells were plated on to six-well culture plates (250 000 per well), allowed to attach overnight and serum starved for 4 h before addition of treatments.
Treatments
Heat shock treatments were at 42 C for 2 h. Control cells were incubated continuously at 37 C. Inhibition of EGF expression was accomplished using the antisense oligonucleotide TCG GCC CCA GGG CAT (5 -3 ) (Kronmiller et al. 1991) , synthesized at the University of Wisconsin Biotechnology Center. As a control, the sense oligonucleotide was used. For experiments involving EGF effects, EGF (Bioproducts for Science, Madison, WI, USA) was added to cultures immediately before heat shock.
Assessment of heat shock
Before heat shock, the medium was changed to DMEM lacking methionine, and 100 µCi/ml [ 35 S]methionine (800 Ci/mmol; DuPont, Boston, MA, USA) was added. Cells were then heat-shocked as described. They were subsequently lysed with SDS loading buffer lacking tracking dye and 2-mercaptoethanol (Laemmli 1970), and protein content was determined by the BCA method (Pierce Chemical Co., Rockford, IL, USA). Protein content was equalized among samples, bromophenol blue and 2-mercaptoethanol were added (to final concentrations of 0·002% and 5%) and proteins separated by SDS-PAGE on a 10% gel (Laemmli 1970) . Gels were fixed overnight in 10% acetic acid/10% methanol, rinsed three times in water and soaked for 30 min in 1 M sodium salicylate (Chamberlain 1979) . After being dried, gels were exposed to X-ray film for fluorographic determination of protein synthesis. In addition, total protein synthesis was estimated by spotting aliquots of cell lysates on to Whatmann 3MM filter paper. Filter paper was washed four times with ice-cold 10% trichloroacetic acid and once with acetone, air-dried and counted by liquid scintillation.
EGF mRNA expression
Cytoplasmic RNA was isolated from cells as previously described (Chomczynski & Sacchi 1987) , separated on 1·2% agarose gels and transferred to nylon membranes by capillary transfer. Blots were probed with cDNA for mouse EGF (American Type Culture Collection) labeled with 32 P by nick translation. Blots were washed using high-stringency conditions (Fenton & Sheffield 1991) , dried and Kodak X-AR film exposed to blots. As controls, blots were also probed with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA probe (ATCC) labeled with 32 P by nick translation. After development, exposure of film was estimated by computer densitometry (Collage; Fotodyne, New Berlin, WI, USA).
EGF production
Medium was collected from heat-shocked cells after 2 h incubation at 42 C and from control cells after 2 h incubation at 37 C. Cells were dissolved in Tris buffer (50 mM, pH 7·5) containing 0·1% SDS and clarified by centrifugation (14 000 g for 10 min). Media and cell proteins were assessed by RIA using mature (53-amino acid) mouse EGF (receptor grade; Bioproducts for Science) as a standard (Sheffield & Welsch 1987) .
Cell loss
Cells were cultured in DMEM supplemented with 10% fetal calf serum, and labeled for 36 h with 10 µCi/ml [ 3 H]thymidine. The medium was then changed to serumfree DMEM. Cells were deprived of serum for 4 h and then treated with various combinations of heat shock, oligonucleotides and EGF as described above and with specific experiments. After heat shock, cell layers were rinsed four times with ice-cold 10% trichloroacetic acid and twice with ethanol. After being dried, cells were dissolved in 0·5 M NaOH containing 0·1% Triton X-100, neutralized with HCl and counted by liquid scintillation with quench correction. Initial 3 H present in cell layers was determined immediately after the thymidine loading, and cell loss determined as a percentage of this value. As a confirmation, cell numbers in the medium and on monolayers were also determined by hemocytometer counting of cells excluding trypan blue.
Statistical analysis
Each treatment was carried out in duplicate or triplicate, and experiments were repeated three or four times (total of 6-12 observations per treatment). Data were analyzed by ANOVA using a randomized complete block design (block=replicate). Orthogonal contrasts were used to determine main and interaction effects of heat shock, oligonucleotides and EGF treatment (Gill 1978) .
Results
Heat shock of NMuMG cells for 2 h at 42 C resulted in substantial inhibition of total protein synthesis, as estimated by precipitation with 10% trichloroacetic acid (1·48 0·11) 10 5 d.p.m./µg protein in controls vs (0·71 0·05) 10 5 d.p.m./µg protein in heat-shocked cultures). Furthermore, a dramatic induction of a 70 kDa heat shock protein was observed in response to 2 h heat shock at 42 C (Fig. 1) , suggesting that the conditions used induced a classical heat-shock response.
EGF mRNA was detectable by Northern blot analysis in NMuMG cells as a 4·7 kb band (Fig. 2) . Heat shock increased EGF mRNA content of the cells. Densitometric analysis indicated that EGF mRNA was approximately doubled after 30 min of heat shock. After 1 or 2 h of heat shock, EGF mRNA was four or five times that of control (not heat-shocked) cells. GAPDH mRNA, used as a control in these studies, was unaffected by heat shock at any of the times examined (P>0·05).
EGF protein was detected in both medium and cells, with more immunoreactivity being present in cells (Fig. 3) . EGF content of both culture medium and cells was increased during heat shock (Fig. 3) . Oligonucleotides antisense to EGF inhibited EGF production by NMuMG cells when present in concentrations of 3-10 µM. This inhibition was observed in both culture medium and cell monolayers. Similar concentrations of sense oligonucleotides did not affect EGF concentration in culture medium or cells of heat-shocked cultures.
When cells were heat-shocked in the presence of 10 µM antisense oligonucleotides, cell survival was dramatically reduced (Fig. 4) . In non-heat shocked cells, cell loss was low during the 6 h from serum removal to assay. Neither sense nor antisense oligonucleotides affected the magnitude of cell loss in unstressed cultures. In heatshocked cultures not treated with any oligonucleotides, cell loss was approximately 20%. This value was not significantly affected by sense oligonucleotides, but was increased to over 50% with antisense oligonucleotides. Cell counts by hemocytometer confirmed that viable cell counts were less in cultures treated with antisense oligonucleotides.
EGF was able to restore cell survival in the presence of antisense oligonucleotides (Fig. 5) . In the absence of oligonucleotides or the presence of sense oligonucleotides, heat shock induced approximately the same degree of cell loss as in previous experiments. EGF reduced cell loss to approximately that of non-stressed cells. Antisense oligonucleotides dramatically increased cell loss in heat-shocked cells, as in previous experiments. EGF dramatically reduced cell loss in the presence of antisense oligonucleotides. In the presence of 10 or 100 ng/ml EGF, cell loss was not significantly different in the presence of antisense oligonucleotides from that in control (no heat shock) cells (P>0·05).
Discussion
The NMuMG mammary epithelial cell line used in these studies has previously been shown to express EGF (Fenton & Sheffield 1994 ) and functional EGF receptors (Vanderboom & Sheffield 1993) . EGF expression in NMuMG cells is regulated by prolactin, as it is in mammary tissue (Fenton & Sheffield 1991 . The present study found that EGF mRNA accumulation in NMuMG cells is also regulated by heat shock.
In addition to increased EGF mRNA during heat shock, alterations in EGF immunoreactive protein content were also detected. EGF is known to be synthesized as a 1207-amino acid glycoprotein (Mrocowski & Ball 1990) and proteolytically processed to a lower molecular mass form (Frey et al. 1979 , Jahnke et al. 1994 ). The present study determined that an increased immunoreactive EGF accompanied the increased EGF mRNA of NMuMG cells upon heat shock. However, an increase in protein immunoreactivity could be due to altered proteolytic processing of an EGF precursor to reveal a more readily recognized form of EGF. The finding that oligonucleotides antisense to EGF blocked the ability of heat shock to increase EGF immunoreactivity in NMuMG cells, together with the observed changes in EGF mRNA, suggests that the heat-shock-induced increase in EGF was due to increased synthesis, rather than altered processing of EGF. Interestingly, mammary content of an EGF-like mRNA (possibly EGF) increases during experimentally induced bovine mastitis (Sheffield 1997) . Similar results have been reported for a variety of other tissues subjected to injury (Bourque et al. 1993 , Peter et al. 1993 , Vivedananda et al. 1994 . EGF, transforming growth factor-and various other peptide growth factors have previously been shown to increase the repair rate of wounds (Schultz et al. 1991) . Furthermore, EGF has been shown to protect the gastric mucosa from ulceration and to speed healing of the mucosa after injury (Konturek et al. 1991) , as well as to accelerate recovery from rotavirus infection (Zijlstra et al. 1994) . Recent studies have also suggested that EGF can protect against radiation-induced damage (Wollman et al. 1994) , tumour necrosis factor--induced cell death (Pusztai et al. 1993 ) and chemotherapeutic drug damage (Geier et al. 1994 , Nakajima et al. 1994 . EGF has also been reported to reduce cell damage by reducing nitric oxide production (Heck et al. 1992) or nitric oxide-induced damage (Maiese et al. 1993) . Such observations and theories that peptide growth factors are critical for tissue repair processes suggest possible utility of growth factor therapy (Lewis et al. 1993 , Hammermen & Miller 1994 . Interestingly, while many proteins appear to show loss of function during cell stress such as heat shock (Lindquist 1986) , the EGF receptor appears to be quite resistant to such changes (Liu & Carpenter 1992) and may even show potentiation of activity in response to oxidative stress (Gamou & Shimizu 1995) . Thus the increased EGF expression observed in the present study would appear to have biological significance, since the EGF receptor appears to remain active under conditions of cell stress.
Recent studies have also suggested that peptide growth factors may serve as survival factors for a variety of cells (Raff 1992) . For example, growth factors, most notably insulin-like growth factor-I, appear to be necessary for neuronal survival (Svrzic & Schubert 1990 , Mattson & Cheng 1993 . Similar effects have also been reported for EGF in some neurons (Casper et al. 1991) . EGF has also been shown to be a survival factor for mammary epithelial cells, at least under some conditions (Merlo et al. 1995) . The present study suggests that EGF, or an EGF-like peptide, may serve as a survival factor for mammary epithelium under conditions of cellular stress, as modeled by heat shock.
The present studies used an antisense oligonucleotide to abolish stress-induced EGF accumulation in mammary epithelial cultures. Similar oligonucleotides were previously used to define a role for EGF in odontogenesis (Kronmiller et al. 1991) and in ovarian follicle development and differentiation (Roy & Harris 1994) . The fact that sense oligonucleotides were without effect suggests that the observed responses were specific effects. Furthermore, the oligonucleotides eliminated stress-induced accumulation of EGF in culture media. Finally, exogenous EGF was able to increase cell survival in oligonucleotidetreated cultures. Collectively, these data suggest that stress-induced EGF production is an important factor in modulating mammary epithelial cell survival during stress. 
